Laser drilling has emerged in the last five years as the most widely accepted method of creating microvias in high-density electronic interconnect and chip packaging devices. Most commercially available laser drilling tools are currently based on one of two laser types: far-IR CO 2 lasers and UV solid state lasers at 355 nm. While CO 2 lasers are recognized for their high average power and drilling throughput, UV lasers are known for high precision material removal and their ability to drill the smallest vias, with diameters down to about 25-30 m now achievable in production. This paper presents an historical overview of techniques for drilling microvias with UV solid state lasers. Blind and through via formation by percussion drilling, trepanning, spiralling, and image projection with a shaped beam are discussed. Advantages and range of applicability of each technique are summarized. Drivers of throughput scaling over the last five years are outlined and representative current-generation performance is presented.
Both classes of electronic packaging devices are constructed of multiple interleaved layers of conductive (metal) and dielectric (typically polymer) materials. Increasing the circuit density in the packages has proceeded by both increasing the layer count and by decreasing the physical dimensions of circuit features such as trace width, spacing between traces, and the like. An important element of multilayer packaging architecture is the layer-to-layer interconnect structures, which are formed by holes or vias drilled through the individual layers before lamination, or through the entire multilayer assembly after lamination. After drilling, the via walls are plated with a metal, typically copper, thereby forming the conductive Zaxis pathway.
Since the invention of PWBs in the 1950s, vias have been drilled with high-speed mechanical drills. The drilling machines have become increasingly sophisticated, fast, and accurate over the years and today the technology is relatively mature. Until recently, mechanical drilling has been a costeffective solution as via diameters have shrunk. However, in the last five years, as the drive toward higher circuit density has accelerated, there has been strong motivation to decrease via diameter below the sizes attainable with mechanical drills. This is true because at each via site, each layer's circuitry must have a capture pad, larger in diameter than the via hole, the purpose of which is to provide physical connection between the via and the circuit traces on each layer. The capture pad must be large enough to contain the via and accommodate any errors in layer-to-layer alignment which inevitably occur during the lamination process. It happens that the size of the capture pad greatly affects the density at which circuit traces can be routed in each layer: smaller pads mean more traces can occupy a given area. Since the areal circuit density in PWBs and chip packages is strongly dependent upon the capture pad size, and the capture pad size is largely driven by via diameter, 1) there is a compelling desire to shrink via diameters.
PWB via sizes have been in the range 250 to 400 µm for several decades. Though early work in laser via formation was carried out in the early 1990s, [2] [3] [4] it was only with the advent of High-Density Interconnect (HDI) circuit design rules in the mid 1990's that significant market demand developed for much smaller vias. Mechanical drilling machines today are capable of reliably drilling vias down to about 150 µm diameter, and work is progressing toward 100 µm. However, operational costs climb dramatically below about 200 µm, and for so-called microvia drilling, where diameters are below 150 µm, the need developed for new technology.
In the late 1990's, three technologies were competing for eventual acceptance as the microvia drilling method of choice: plasma etching; use of photo-imageable dielectric materials; and lasers. Of the three, the first two have the advantage of forming all vias in each layer simultaneously, while the laser process drills one via at a time. Despite this, by decade's end laser drilling had become established as the winner, with the other two methods relegated to niche applications (Fig. 1) .
Laser via drilling
Today, laser microvia drilling is in worldwide volume production for chip packages and PWBs, with increasing fractions of all packaging devices forecast to contain laser-drilled vias each year throughout the next decade. Figure 2 shows the growth of the worldwide market for via drilling equipment. Though the laser technology has been widely implemented and has matured in the last five years, it is still young and the rate of innovation remains high. In 1995, Electro Scientific Industries (Portland Oregon, USA) helped pioneer the laser drilling market with a machine based on UV solid state laser technology that was developed in house. 5) At the time, two other companies were offering laser drills based on CO 2 lasers.
6) Early adopters quickly begin investigating the technology 7-9) and widespread acceptance followed within two to three years. Today, approximately twenty companies worldwide are offering commercial laser drilling systems and the market for this equipment continues to grow at a rate exceeding the projection shown in Fig. 2 .
Both UV solid states lasers and CO 2 lasers continue to be used for via drilling. The former are primarily third-harmonic Nd-doped designs (YAG and Vanadate) at 355 nm, while the latter are a mix of RF-excited and TEA designs tuned to emit at wavelengths between 9.2 and 9.6 µm. While CO 2 laser drills are recognized for their high average power and high drilling throughput, UV lasers are known for high-precision material removal and their ability to drill the smallest vias, with diameters down to about 25-30 µm now achieved in production.
Today, typical microvia diameters in HDI PWB designs are in the range 75-150 µm, while higher-density chip packages feature vias in the 25-100 µm range. As packages and devices increase in complexity, via sizes are expected to shrink in both classes of packages. Due to the long wavelength and short depth of focus associated with CO 2 lasers, machines based on this laser technology cannot drill vias as small as those achievable with UV wavelengths. Hence, it is recognized in the industry that the high drilling throughputs that make CO 2 laser drills attractive today will give way to the smallhole capability of UV lasers over the long term. Further, recent increases in UV laser power yield drilling throughputs competitive with those achieved with CO 2 lasers. In the remainder of this paper, therefore, we concentrate on the UV laser drilling technology.
UV laser technology
As areal via densities continue to increase, in order to maintain and improve the cost-effectiveness of sophisticated packaging designs laser drilling speeds will have to increase apace. In 1995, typical UV drilling throughputs were 5-20 vias per second. Today, throughputs achieved in similar materials are 200-250 vias per second, and changes in the PWB manufacturing sequence which eliminate the need to laser drill through copper layers permit throughputs of 450-600 vias/s to be realized. Numerous papers during the intervening years document the steady throughput increases and reliability enhancements achieved in UV laser drills. [10] [11] [12] [13] These advances have been driven by improvements in laser power, beam positioners, and optical design, and further improvements are on the way. Figure 3 presents the historical progression of UV laser power over the last five years. ESI's 1996 arc-lamp-pumped thirdharmonic YAG laser delivered well below 1 Watt to the work surface. In contrast, new 355 nm lasers now commercially available generate up to 8 Watts, and power levels of 15 to 20 W are on the horizon.
14) The Figure shows the advent of UV Diode-Pumped Solid State (DPSS) lasers for via drilling in 1998. This marked the beginning of truly mass-productionqualified UV laser drills, equipment that does not require frequent tuning by skilled laser personnel. Figure 3 also indicates that as third-harmonic laser designs have been scaled to higher powers, Nd:Vanadate has become a desirable laser crystal in addition to Nd:YAG. The reason is that as diode pump power has increased and cavity designs have been scaled up, Vanadate has offered a means of obtaining a given pulse energy at significantly higher pulse repetition frequency (PRF). This provides the basis for scaling up drilling throughput by delivering a given number of pulses at a particular pulse energy in a shorter time, a technique we refer to as "PRF throughput scaling." In 1996, for example, a pulse energy of 150 µJ could be delivered to the work surface at a PRF of about 3 kHz. By late 2001, the same energy will be delivered at about 34 kHz. For 50 µJ, the corresponding 1996 PRF was about 8 kHz whereas stateof-the art lasers in next-generation laser drills will deliver this energy to the work at over 70 kHz. The eight-to-tenfold in- crease in PRF at which a given pulse energy can be delivered results in a proportionate decrease in the drilling time per via.
Beam positioner technology
The advances in laser power discussed above have necessitated corresponding increases in the speed of laser beam positioners. Since the processing speed is determined by both the time spent drilling each via and the time required to move between vias, both times must be driven down in order to increase throughput. All commercial laser drills use a combination of two technologies to achieve fast, accurate beam positioning over a large area. XY tables or a pair of singleaxis stages using linear motors provide the ability to move the beam over standard-sized 500 × 600 mm PWB panels or even larger areas. The stages, equipped with closed-loop position sensing, move over this area at relatively low speeds and with accuracy on the order of 5 µm. Stage speeds are limited by maximum permissible accelerations on the order of 1 g.
To move the beam from via to via at high frequency, an orthogonal pair of galvanometer-driven mirrors is used to direct the beam to locations within a square area ranging from 10 to 50 mm on a side. A telecentric focusing lens maintains normal beam incidence of the laser spot throughout the square scan field. The galvo or scanner mirrors are also governed by closed-loop control electronics and maximum galvo mirror accelerations are currently on the order of 300 g. Physical limitations make it very difficult to push actuation frequency above about 1 kHz and mirror designs and materials are carefully selected to maximize rotational speed and minimize positioning errors. Via-to-via move time is a function of move length, with short moves accomplished in a millisecond or less while moves of a few millimeters may take several ms. Between 1996 and 2000, minimum via-to-via move times in advanced laser drills decreased from 4 ms to 0.6 ms.
Galvo actuation frequency is constrained by galvo mirror materials, available high-speed error correction algorithms, and the basic physics of precision high-speed motion. Hence, it is expected that as UV laser power continues to increase, beam- positioner limitations will emerge as the main rate-limiting factor. Figure 4 shows the combined stage+galvo scheme embodied in the split-axis design used in ESI's laser drills. In this configuration, the workpiece is placed on a vacuum chuck mounted on a linear stage moving along the Y axis. Above this, an X stage carries the "head" comprised of galvos, focusing lens, and viewing cameras used for locating fiducial marks on the workpiece panels. The lens and cameras are mounted on a Z-axis stage which permits focusing of both the cameras and the laser beam. The Z-axis location of the telecentric lens is also used as a process parameter for some drilling processes, as discussed below. Other commercial laser drill designs utilize fixed-path-length optics with a stationary lens and the workpiece fixtured to an XY table.
Beam motion is typically carried out by scanning the beam over the accessible scan field with the galvos, then using the stages to step the workpiece to an adjacent scan field and repeating the process. Alternatively, the motion of the stages and scanners can be coordinated so that both are moving continuously. In this approach, stage movement is compensated in real time by the galvos to maintain beam dwell at a via site during drilling. 15) This has a speed advantage in many circumstances because the large mass of the stages or XY table does not have to be accelerated and decelerated after each scan-field's contents of vias are drilled. Details of the operating principles and characteristics of this so-called compound beam positioner system have been presented in previous publications.
16)

Via formation processes
Beam positioner performance also comes into play when processing certain multilayer constructions, namely those in which the top Cu layer must be drilled through. In this case, the laser beam must be focused tightly enough to achieve sufficient fluence at the work for effective metal removal. At 355 nm the laser/material interaction is purely thermal for metals and the material must be driven rapidly through the melt phase into the vapor phase prior to expulsion from the surface by gasdynamic effects. If excess metal is heated only into the liquid phase, a rim of undesirable re-solidified splash or slag is formed at the via periphery. When greater than a few microns high, this rim creates unacceptable conditions in downstream manufacturing processes such as sidewall plating and layer-to-layer lamination.
Due to these requirements, focused beam diameters at the work are generally in the range 10-20 µm (1/e 2 ), which creates ablated spot sizes in the range 25-35 µm. This permits the smallest vias in production today to be formed by percussion drilling, as shown in Fig. 5 . For larger vias, fluence limitations render percussion drilling infeasible; instead, the focused laser spot must be moved within the via to sweep out the desired area.
Trepanning
The most straightforward technique for forming larger vias involves moving the laser beam in a circular trajectory (Fig. 6 ). In the trepanning process, the tightly-focused laser spot cuts around the circumference of the via, allowing, in principle, any via size to be programmed. Typical trepanned vias, both blind and through holes, are shown in Fig. 7 . Minimum trepan time, typically achieved for vias smaller than 75 µm, has decreased from 6.0 ms to 0.9 ms in the last four years.
For blind vias, due to the beam trajectory shown in Fig. 6 , when the programmed via size exceeds about 75 µm an island of un-ablated material can be left in the center of the hole. Therefore, for larger via sizes, another approach is required.
Spiralling
For larger via diameters, the intra-via motion necessarily becomes more complex. As Fig. 8 shows, one solution is to move the beam outward from the via center in a spiral motion. This allows truly any via size to be created, although the drilling throughput decreases with increasing via diameter. Programmable parameters here are the distance from the center at which the beam is initially applied; the number of revolutions in the spiral (or equivalently, the radial pitch between spiral arms); the outer diameter at which the laser is turned off, and the number times the whole sequence is repeated. With this scheme, complicated micron-scale motions can be developed for tuning the material removal to particular applications (material constructions and via sizes) and the output characteristics of particular UV lasers. Results are similar to those shown in Fig. 7 for the trepan process.
In many PWB manufacturing situations, the laser drills a multilayer construction in which an opening in the top copper layer has previously been formed by other means, such as chemical etching. Here, the etched opening can be used as a conformal mask and spiral parameters can be tuned to allow control over the slope of the via sidewall. The via in Fig. 9 (a) was formed with a spiral that overfilled the etched area, whereas the via in Fig. 9 (b) was formed by underfilling the etched area. Figure 9 (c) shows a stepped-diameter via formed two layers down by using the copper planes as conformal masks.
Two-step process
The UV laser's ability to effectively ablate copper makes it an attractive solution for many microvia drilling applications. It eliminates the need for pre-etched openings in the top metal layer, and more importantly, can provide significant relief from layer-to-layer mis-registration occurring during the lamination process. If fiducial targets are precisely located on the bottom copper layer before drilling, machine coordinates can be set up to compensate for material distortions of the second layer. Then the vias can be drilled through the top metal layer and the intervening dielectric in locations keyed to the actual sites of the second-layer capture pads, with material distortions factored in. By not forcing via locations to the sites of the pre-etched layer-one openings, the ability to drill the copper thereby relaxes the requirement for tight alignment between metal layers one and two. This has become particularly important in the past two years, as capture pad sizes have shrunk to the point that layer-to-layer dimensional offsets can rival the size of the pads themselves.
The ability to drill copper, of course, means that measures must be taken to avoid laser damage to the bottom metal. This is accomplished by carrying out the via formation in two steps. In the first step, the laser beam waist is placed at the work surface, achieving the high fluence required to remove layer 1 copper. In a second step, the beam waist is moved a millimeter or two away from the work surface, producing a low-fluence condition that is sufficient to ablate the organic dielectric but below the copper ablation threshold. Cross sections of vias after the first and second step are shown in Fig. 10 . Typically, step 1 is carried out with a spiral or trepan pattern while step 2 is conducted using either a trepan or percussion drilling at much higher speed.
In order to maximize process speed, all vias on each large panel are drilled at first-step conditions, then the focusing lens is moved and the vias are re-drilled with second-step conditions. State-of-the-art beam-positioner accuracy of ±20 µm over a 500 × 600 mm area is sufficient to ensure that beam placement is aligned between steps 1 and 2. This two-pass approach eliminates slow actuation of the focusing lens at each via site. However, it dictates that the inter-via moves be repeated twice on each panel. As per-panel via counts reach into the hundreds of thousands, total via-to-via move time can be many minutes. An alternative to the two-pass technique that would reduce total processing time is to change the fluence between the high copper-cutting level and the lower dielectric-removing level at each via site. This eliminates one of the two sets of inter-via moves. The concept can be realized by either decreasing pulse energy or increasing spot size, or both. The former approach, which can be achieved by increasing laser PRF, suffers from lack of flex- ibility and increases the step-two drilling time. The latter approach requires very fast changes in the optical configuration. Hardware toward this end is currently in development.
Percussion drilling with aperture image projection
Despite the flexibility offered by the two-step spiral and trepan processes described above, percussion drilling is more desirable in many instances, particularly as advances in UV laser power have enabled faster delivery of the energy required to drill each via. This is true because the extremely precise and fast intra-via movement of the focused laser spot taxes beam positioning technology, imposing difficult engineering tradeoffs when attempting to drill faster. Percussion drilling eliminates the need for precise beam motion within the via. The high-speed beam positioner is thus only called upon to provide via-to-via moves, eliminating the small-radius curved pathways and attendant high accelerations associated with inside-the-via motions.
Percussion drilling with the focused Gaussian laser beam, however, is subject to a number of drawbacks for volume production implementation. Laser-to-laser variations in beam size, roundness, astigmatism, and spatial mode content lead to variations of the ablated spot size and shape among laser drills. On the production floor, this can result in the need to tune process parameters for each drill, increasing the level of engineering involvement in routine operations. Further, as via sizes continue to shrink, the sensitivity of the final via geometry to variations in beam characteristics becomes more severe.
The excimer-based laser micromachining community has long implemented image-projection techniques that mitigate these problems; the approach has been incorporated into solid-state UV laser drills within the last three years. The beam is passed through a round aperture and an image of the aperture is projected onto the work surface. Because the roundness of the aperture can be tightly controlled and the imaging optics create a crisp, faithful image of the aperture, the laser spot shape is excellent and system-to-system repeatability is decoupled from laser-to-laser beam variation.
As an additional advantage, image projection reduces the number of process parameters to be optimized. Process development is therefore simpler, consisting of finding the best combinations of only two or three parameters. One simply finds the laser PRF that gives the best drilling fluence and the number of pulses required to open the via bottom diameter to the desired size.
A disadvantage of the imaging configuration is its more limited applicability. Since the fluence in the imaged spot is sig- nificantly lower than the peak fluence in the focused Gaussian beam, with today's lasers the imaged beam can drill through copper for only the smallest vias. However, the technique produces high-quality blind and through vias in a wide variety of multilayer constructions without an overlying copper layer.
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Clipped Gaussian imaging Two versions of projection imaging for via drilling have been developed, as shown schematically in Fig. 11 . In the simpler approach, the UV laser's Gaussian irradiance profile is used. In this case, the aperture masks the low-energy "wings" of the beam, permitting only the central, high-intensity portions to pass. A tradeoff between quality and speed emerges in this so-called Clipped Gaussian configuration. This arrangement can be set up so that varying fractions of the Gaussian beam are blocked by the aperture. If the Gaussian profile is highly clipped so that only a small central portion is allowed to pass through the aperture, then the irradiance profile imaged onto the work surface will be more nearly uniform. This results in better control of the layer 2 copper conditions for blind vias, but that comes at the expense of rejecting a large fraction of the energy at the aperture mask. Decreased drilling speed results.
If, on the other hand, a large fraction of the beam energy is permitted to pass through the aperture, then higher average fluence is delivered to the work. However, the difference between the irradiance at the spot center, I c , and the spot edges, I e , will be large. At high transmission levels, the difference between I c and I e leads to more difficulty in controlling damage to the layer 2 copper: the center of the imaged spot can exceed the fluence at which copper melts while the spot edges remain relatively cool.
The advantage to high aperture transmission though, is that throughput increases with increasing aperture transmission. Hence, there is a hard tradeoff between via quality and drilling speed when using the clipped Gaussian imaging configuration. Increasing the transmission level to enhance throughput results in a high differential in fluence between spot center and edge, either melting the layer 2 copper in the via center or leaving the spot periphery starved for fluence.
Reducing the pulse energy to the point where no copper melting occurs in the center significantly decreases throughput.
Shaped beam imaging
To overcome this tradeoff, in an enhancement to the imaging technique, the laser beam's natural Gaussian irradiance profile is transformed to a near-uniform "tophat" profile at the plane of the aperture, using beam shaping optics. Figure 12 shows the irradiance distribution for the so-called Shaped Beam, both with and without the aperture.
By flattening the profile, the processing tradeoffs indicated above can be avoided. A high fraction of the beam energy can be passed through the aperture and delivered to the work surface without a large difference in fluence between the center and edges of the imaged spot. This shaped, imaged beam removes dielectric material uniformly across the via area. It thereby permits the drilling process to be maintained at high fluence-and hence high speed-without creating undesirable inner layer copper damage at the center of the imaged spot.
Further, by increasing the fluence at the periphery of the imaged spot, the Shaped Beam clears the dielectric material from the via edges with fewer pulses, significantly increasing the drilling throughput over that of the imaged Clipped Gaussian beam, at the same time as it improves via quality. Figure 13 compares throughputs achieved in 1999 with both imaging techniques as well as the trepanning technique. Throughputs have increased significantly since then, but the figure reflects the relative speeds of the two imaging processes as a function laser PRF. The two-step focused raw beam processes, in contrast, have increased in speed at a slower rate than the imaging processes since 1999, since they are often limited by the beam positioner rather than the available laser power.
The curves in Fig. 13 exhibit maxima due to the competing effects of PRF and pulse energy. As PRF increases, pulse energy decreases, so more pulses are required to drill the via.
However, the pulses are delivered at a higher rate. This dependence of drilling speed on laser PRF is characteristic: as laser power has increased in the last several years, the maxima in the curves have shifted to higher PRFs, but are always observed.
With the uniform-fluence imaged spot, the layer 2 copper condition can be precisely controlled. Figure 14 shows a sequence of vias drilled at varying laser PRFs and hence work-surface fluences. The degree of layer 2 copper damage can be varied by simply changing the laser pulse repetition rate. Maximum throughput occurs at a PRF (13 kHz) yielding moderate reflow of the bottom copper. At PRFs producing little or no re-flow (17-20 kHz), the throughput drops from the maximum by 10-15%. Process engineers can thus optimize the process results for speed or bottom copper quality by choosing laser PRF; in any case the compromise between the two is not nearly as severe as it is with the clipped Gaussian imaging technique (Fig. 13 ). Figure 15 shows vias drilled in mid 2000 with the shaped, imaged beam. The vanadate laser used in this benchmark testing had a specified maximum power of 4.5 Watts. For a 62 µm via, throughput is higher than that shown in Fig. 14 , even though the resin is about 1.6x thicker. The latter were generated about 12 months earlier with a 3 Watt YAG laser. Figure 16 shows further drilling performance data obtained with the 4.5 W Vanadate laser. Here, we plot drilling time in milliseconds as a function of laser PRF and the curves exhibit minima for the reasons discussed above. Note that highest speeds (minimum drill times) occur with this more powerful laser at significantly higher PRFs than the data shown in Fig. 14. As the via size decreases, Fig. 16 shows that the drill time decreases and the minimum shifts to higher PRFs. This occurs because optimal results, both in terms of throughput and via quality, occur within a relatively narrow range of work-surface fluences. Therefore, as the size of the imaged spot shrinks, the pulse energy needed for fastest results also decreases and can be delivered at higher PRF. Figure 17 shows recently obtained via-geometry statistics. These 50-µm vias were drilled in less than 0.8 ms with the latest generation laser as of August, 2001 (compare Fig. 16 ). To assemble this data set, 100 vias were sampled from each of six panels drilled every four hours during a continuous 24-hour run. Each panel had 267,840 vias drilled over its 300×300 mm area; the 600-via data set was therefore sampled from over 1.6 million vias. Measurements were carried out with an optical profilometer. This automated instrument fits an ellipse to the via top and bottom edges with sub-micron accuracy and 100-nm repeatability. Computed via diameters are the average of the ellipse major and minor axes and roundness is the ratio of the two. Six-sigma variation falls less than 4 µm from the mean, and typical roundness is greater than 95%. More extensive sampling of the 267,840 vias on one of the six panels indicated similar levels of process consistency. 
Conclusion
Within the last five years, drilling of microvias in advanced electronic packaging devices has become a widely commercialized laser precision microfabrication process. Steady advances in drilling throughput, via quality, and process robustness have been driven by the advent of reliable, diode-pumped solid state UV lasers, advances in beam positioner technology, and new optical designs. An example of the latter is the shaped, imaged beam, which offers superior via quality and drilling throughput for substrates without outer layer copper.
In this paper, we have presented an overview of UV laser drilling hardware and processing methods and have described two variants of the image projection technique and the benefits of using beam shaping in laser via drilling. With the shaped-beam imaging configuration, tradeoffs between process speed and quality are less severe and throughput is about 25% higher than achieved without the beam shaping optics. Maintaining the edges of the imaged spot at high fluence enables the dielectric material to be cleared from the via edges with fewer laser pulses. This is the key factor in the ability of the Shaped Beam to increase drilling throughput over the Clipped Gaussian.
The near future promises continued advances in equipment and techniques. Process throughput scale-up will continue through higher laser power, low-level parallelism in the form of multi-headed machines, and to a lesser extent, faster beam positioning.
Other key areas of improvement will include enhanced automation for system configuration and workpiece handling; increased process diagnostics and real-time control; and, as capture pads continue to shrink, improved via placement accuracy, with position errors approaching ten parts per million relative to workpiece dimensions.
